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ABSTRACT
Polyethylene glycol (PEG) and polyvinyl alcohol (PVA) are 
common polymeric binders used in the production of alumina 
ceramics. Binders hold the ceramic raw materials together for 
forming and fabrication. After forming is completed the 
binders are burned off to produce the final product. The 
organic binders are lost due to thermal processes during the 
sintering of the ceramic piece, typically above 1200°C.
Traditionally binders have been selected by trial and 
error, and the success of these compounds as binders is not 
understood. An understanding of the thermal processes 
occurring could lead to manipulation of the binder systems in 
a systematic fashion, optimizing binders for each particular 
application.
Polyethylene glycol and PVA have been studied utilizing 
thermal gravimetric analyses, differential thermal analyses, 
and pyrolysis followed by GC/FT-IR and GC/MS analyses. The 
results of these analyses show PEG degrades by competitive 
processes consisting of combustion, and various intramolecular 
processes. Oxidation is the dominant reaction in the presence 
of oxygen, while disproportionation and hydrogen abstraction 
compete in both air and nitrogen.
Polyvinyl alcohol degrades similarly in nitrogen or air, 
including the thermal events and volatile products generated. 
Intramolecular processes compete favorably with oxidation as 
the polymer thermally degrades. Degradation products are, 
however, thermodynamically stable aromatic compounds, which
iii
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may inhibit the binder capacity, and interfere with sintering.
Polyethylene glycol, polyvinyl alcohol, and the standard 
binder mixture of the two binder systems have in common 
thermal degradation due to intramolecular reactions in the 
absence of oxygen. The mechanisms of degradation may interact 
in the standard binder system and enhance binder loss. Oxygen 
availability is hindered during the thermal processing of the 
ceramic, and these mechanisms are necessary for continued 
binder removal. Understanding these reactions is a key to 





LIST OF FIGURES.......................................... vi
LIST OF TABLES........................................... vii
LIST OF SAMPLES.......................................... viii
ACKNOWLEDGMENTS.......................................... X
INTRODUCTION............................................. 1Raw Materials Preparation.......................... 1Forming and Fabrication............................ 2Sintering........................................... 4Degradation of Polyethylene Glycol.................7Degradation of Polyvinyl Alcohol................... 15
EXPERIMENTAL............................................. 24Description of Binders............................. 24Thermochemistry..................................... 25Pyrolysis.  ......................................... 25Product Analysis.................................... 28
RESULTS AND DISCUSSION...................................32Thermal Analyses.................................... 3 2Polyethylene Glycol........................... 32Polyvinyl Alcohol..............................37Standard Binder System........................ 40Product Identification............................. 41Polyethylene Glycol........................... 41Polyvinyl Alcohol............................. 60Standard Binder System........................ 70Implications to Ceramics........................... 72
CONCLUSIONS.............................................. 74Polyethylene Glycol................... ............. 74Polyvinyl Alcohol...................................74Recommendations......................... ........... 75REFERENCES CITED........ ................................ 77
APPENDIX Is THERMAL ANALYSIS DATA....................... 79
APPENDIX II: SPECTRAL DATA POLYETHYLENE GLYCOL.......... 108




FIGURE 1: Surface Tension Driving Force VectorsDuring Sintering ....................... 5
FIGURE 2: Pore Size and Shape Changes DuringSintering.................................... 6
FIGURE 3: Percent Volatilization Versus Temperature[Madorsky and Straus (2)]................... 8
FIGURE 4: Tmax Versus Molecular Weight................ 11
FIGURE 5: Total Ion Current Versus Temperature FromBallistreri et al. (17)......................20
FIGURE 6: Pyrolysis Tube................................27
FIGURE 7: El Total Ion Chromatogram of Sample H .......44
FIGURE 8: El Total Ion Chromatogram of Sample 1.......45
FIGURE 9: El Total Ion Chromatogram of Sample J  ..46
FIGURE 10: El Total Ion Chromatogram of Sample K .......47
FIGURE 11: El Total Ion Chromatogram of Sample L.......48
FIGURE 12: El Total Ion Chromatogram of Sample M .......49
FIGURE 13: Cl Total Ion Chromatogram of Sample M .......55
FIGURE 14: GC/FT-IR Chromatogram of Sample M ............57
FIGURE 15: El Total Ion Chromatogram of Sample N .......62
FIGURE 16: El Total Ion Chromatogram of Sample 0 .......63
FIGURE 17: El Total Ion Chromatogram of Sample P ....... 64
FIGURE 18: El Total Ion Chromatogram of Sample Q.......71
T-4050
LIST OF TABLES
TABLE 1: Madorsky and Straus (2) PEG Results Summary... 9
TABLE 2: Tsuchiya and Sumi (16) Polyvinyl AlcoholVolatile Pyrolysis Products Results........... 17
Table 3: Ballistreri et al. (17) Results Summary.......21
TABLE 4: Binder Description Summary.....................24
TABLE 5: PEG TGA Data Summary................  35
TABLE 6: PEG DTA Data Summary.......................... 3 6
TABLE 7: PVA TGA Data Summary........................... 39
TABLE 8: PVA DTA Data Summary........................... 39
TABLE 9: Standard Binder System TGA Data Summary.......41
TABLE 10: Standard Binder System DTA Data Summary.......41
TABLE 11: Polyethylen Glycol Volatile Analysis Summary..52
TABLE 12: Characteristic End Group Masses of theHomologous Series.............................. 56
TABLE 13: Sample N Volatile Pyrolysis Products Summary..65
TABLE 14: Sample O Volatile Pyrolysis Products Summary..66




















: Pure PEG8M for TGA/DTA analyses.
: Pure PEG20M for TGA/DTA analyses.
: AD96-A6 for TGA/DTA analyses.
: PEG/AD96-A6 mixture for TGA/DTA analyses.
: PVA for TGA/DTA analyses.
: PVA/AD96-A6 mixture for TGA/DTA analyses.
: Standard binder/AD96-A6 mixture for TGA/DTA analyses.
: PEG2 0M Pyrolyzed under air at 400°C, first methanol impmger solution only.
: PEG20M Pyrolyzed under air at 400°C, methanol rinse of pyrolysis tube and transfer line.
: PEG2 0M Pyrolyzed under nitrogen at 450°C, first methanol impinger solution combined with methanol rinse of pyrolysis tube and transfer 1 ine.
: PEG20M/AD96-A6 mixture pyrolyzed under air at 450°C, first methanol impinger solution combined with methanol rinse of pyrolysis tube and transfer line.
: PEG8M/AD96-A6 mixture pyrolyzed under nitrogen at 550°C, first methanol impinger solution combined with methanol rinse of pyrolysis tube and transfer line.
: PEG8M pyrolyzed under nitrogen at 550°C, first methanol impinger solution combined with methanol rinse of pyrolysis tube and transfer line.
: PVA pyrolyzed under air at 450°C/ first methanol impinger solution combined with methanol rinse of pyrolysis tube and transfer line.
: PVA pyrolyzed under air at 450°C, first impinger ethanol solution combined with ethanol rinse of pyrolysis tube and transfer line.
: PVA pyrolyzed under nitrogen at 550°C, first methanol impinger solution combined with methanol rinse of pyrolysis tube and transfer line.
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Ceramics have been produced for thousands of years. 
Bricks, which are silicate ceramics, have been a common 
structural material in many cultures. Porcelain was perfected 
by the Chinese and exported to all Western European nations. 
Ceramics have revolutionized modern materials design, finding 
uses in a variety of applications. Strength, abrasion 
resistance, and fine forming characteristics ensure that 
ceramics will be a continued resource in materials science for 
ages to come.
Ceramics are defined as inorganic, but not metallic or 
alloy, man made, heat treated materials which gain their 
desirable characteristics from the heat treatment stage. 
Ceramics vary considerably in composition and application. Of 
the variety of ceramics and binders in use today, this 
discussion is limited to the binders commonly used in the 
aluminum oxide ceramic systems.
Aluminum oxide ceramics have recently seen diverse uses 
such as in tools, washers for faucets, and heat protection as 
refractories. Although the compositions of these ceramics 
vary, manufacturing steps can be described as sharing the same 
basic fundamental processes. This processing involves raw 
materials preparation, forming and fabrication, thermal 
processing or sintering, and finishing.
Raw Materials Preparation
Raw materials preparation for alumina ceramics consists 
of blending the aluminum oxide, binder, and other specialized
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components such as deflocculants and additional oxide systems. 
Deflocculant is added to allow thorough mixing of the powders 
without-clumping. Additional oxide systems, such as talc, can 
contribute to the final composition, phases present, and 
crystalline structure. The organic fraction, composed of 
binders and deflocculants are lost during the thermal
processing step, often in excess of 1200°C.
Typically the raw materials are mixed in a slurry of 
ground oxides, water, binder, dyes, and deflocculant.. This 
slurry is a convenient way of homogenizing the raw ceramic 
material. After mixing, the slurry is spray dried by feeding 
a stream of slurry into forced hot air. The spray dried 
ceramic raw material is then ready for the forming and
fabrication step.
Forming and Fabrication
The organic polymeric binder is added at the slurry stage 
to hold the raw ceramic material together for the forming and 
fabrication by mold or extrusion. Intricate shapes can be 
manufactured using these forming technologies, resulting in a 
wide variety of applications for the ceramic material.
The organic fraction has an initial volume contribution, 
and forming is done in molds with a calculated oversize to
account for volume decrease due to binder burnout. This
initial oversize is designed into the mold, and demands a 
consistent quality of binder for production reproducibility. 
Changes in binder technology will have an impact on the 
molding designs and cause substantial start-up costs.
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Compression in the mold creates the powder compact which 
is between 25 and 60 volume percent porosity (1). Maximizing 
strength, and other microstructure-related properties, is 
accomplished in part by eliminating as much of this initial 
porosity as reasonable. The initial grain size determines 
many of the sintering parameters, and typically a fine-grained 
aluminum oxide is preferred.
Pressure molding of the fine grained ceramic raw material 
can be a single forming and fabrication step for less critical 
pieces, or a first step for more demanding specifications. 
Molded pieces can be machined and ground for more accuracy and 
precision in manufacturing. Machining prior to the thermal 
processing stage is much easier, as toughness and abrasion 
resistance are a result of sintering. Binder addition allows 
the piece to be modified prior to thermal processing.
Not all organic polymers exhibit binder characteristics. 
Some polymers volatilize or combust prematurely, or flow as 
viscosity decreases during the elevated temperatures of the 
sintering step. These situations can cause shifting of the 
loose powder, or ceramic grains, before sintering has 
progressed satisfactorily. Other polymers may be too 
thermally stable and remain until late in the thermal 
processing step. This situation can lead to vacancies, or 
voids, and non-contiguous grain growth after the binder is 
finally removed. Both situations described can cause 
inconsistencies in microstructure, detracting from structural 
integrity.
Typically, a system of trial and error has preceded 
binder selection. As a result there are few binders commonly
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used in the production of ceramics worldwide. Some binder 
systems used in alumina manufacture are polyethylene glycol, 
polyvinyl alcohol, glycerine, and mixtures of some or all of 
the previously mentioned systems.
Sintering
Sintering is a process which includes mass transport and 
chemical reactions caused by the thermal processing of oxide 
ceramics. There are several proposed mechanisms of sintering, 
and debate continues as to the actual mechanism, or 
mechanisms, involved. All proposed mechanisms address three 
major results: grain growth, densification, and mass
transport. Grain growth and densification are results of mass 
transport.
Mechanisms proposed for mass transport include 
evaporation/condensation, viscous flow, surface diffusion, 
lattice diffusion, and plastic deformation of the crystalline 
solid (1). The driving force for all of the above mechanisms 
is the free energy change resulting from the reduction of 
surface area and surface energy, and also the replacement of 
the higher energy solid-vapor interfaces with lower energy 
solid-solid interfaces.
The ceramic grains contact neighbors at grain boundaries. 
The optimum grain boundary angle is 12 0°, that of a six sided 
grain, as shown in Figure 1. Grains with more or less than 
six sides have grain boundary deformation, during sintering, 
to allow contact angles of 120°. Surface tension drives the 
grain boundary towards the center of curvature, illustrated by 
the arrows, and grains of less than six sides shrink while
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grains with more than six sides grow. The distinction of 
grains by boundaries becomes more difficult in the mass 
transfer stages.
Figure is Surface Tension Driving Force Vectors During Sintering.
Pores or voids present between grains can change in 
shape, and size during the sintering process. The pores can 
become isolated spheres or channels, changing in shape but not 
in size, as shown in Figure 2. Typically, the pores change in 
shape and size during thermal processing. The pores become 
more spherical in shape and smaller in size, causing 








Figure 2. Pore Size and Shape Changes During Sintering.
Kingery considers pore migration as a way of explaining 
densification during sintering (1) . As pores reach the 
surface, the gases are released and the void lost. 
Correspondingly, the concentration of voids at the surface of 
the sintering ceramic is lower than the concentration of 
voids, or pores, in the bulk of the ceramic. Concentration 
gradients can be presented as an explanation for pore 
diffusion out of the bulk during densification.
Shrinkage of the ceramic piece is the final stage of 
sintering, and densification is optimized. Oxide ceramics 
have optimum sintering at temperatures approximately 70% of 
their melting points. Impurities or large voids fix grain 
boundaries and prevent mass transport. Inhibition of mass 
transport reduces grain growth and shrinkage, resulting in
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inconsistencies in the ceramic, and possible fracture zones. 
Sintering was reported to steadily decrease in rate with time
(1) . Extending sintering time, therefore, will not 
practically improve the ceramics' qualities.
Rates of sintering were also reported (1) to be almost 
proportional to the inverse of particle size, thus making the 
distribution of initial particle sizes important in the 
sintering rate, efficiency, and consistency. Strength of the 
resulting ceramic is dependent on the contact, or bond area, 
between particles. This bond area increases during 
densification and can be controlled for specific applications.
Temperatures of thermal processing determine the 
crystalline phases present. Reactions of alumina and 
secondary oxides can occur. These reactions can result in 
different chemical compositions. Detailed examination and 
interpretation of phase diagrams, isothermal sections, and 
temperature contour maps allow a skilled ceramist to determine 
the initial composition, grain size and temperature program 
necessary for processing a ceramic of desired qualities.
Degradation of Polyethylene Glvcol
The thermal degradation of polyethylene glycol [HO-CH2- 
CH2-(0-CH2-CH2)n-0-CH2-CH2-0H] has been investigated by a 
variety of researchers (2-14) . These studies have varied in 
purpose and scope and are thinly scattered in time from the 
late 1940's until the present. Although not formally studied 
in the binder context, product formation, mechanism of 
degradation, and kinetics of degradation are the major areas 
reported.
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Madorsky and Straus (2) conducted studies of the 
pyrolyses of a wide variety of polymers and concluded that the 
addition of oxygen in any polymer backbone gave decreased 
thermal stability. This is a result of the covalent carbon- 
oxygen bond being thermodynamically less stable than the 
covalent carbon-carbon bond. If the thermal stability of 
polyethylene glycol is compared to the thermal stability of 
polyethylene by comparison of the percent volatilization 
versus temperature, the polyethylene is more stable. Figure 
3 demonstrates this relationship.
100
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Figure 3. Percent Volatilization Versus Temperature [Madorsky ana Straus (2)].
The Madorsky and Strauss pyrolysis study was carried out 
in a high vacuum apparatus with gas sampling ports. The
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powdered PEG10M, a 10,000 molecular weight polyethylene 
glycol, was vacuum-dried at 40°C, then heated to constant 
weight at 70°C. The sample was heated for 15 minutes up to a 
final temperature of 3 60°C, and the pyrolysis lasted 3 0 
minutes. PEG10M degradation activation energy was reported to 
be 46 kcal/mol.
Madorsky and Strauss described the volatile product 
analysis of three separate pyrolysis fractions: the pyrolysis 
residue (Vpyr) ; the combination of products volatile at above 
25°C(V25) and the gases evolved above -8O°C(V_80) , as V25/V_80; and 
small amounts of gas were collected as V_190 and identified as 
H2, CHa, and C02. Vpyr constituted 90.3%, V25 7 . 8% and V_80 1.9% 
of the total weight loss on average. The pyrolysis residue 
was determined to be of an average molecular weight of 675 
daltons. Of these fractions, the V25/V_80 combination has never 
had the product identification fully described. Table 1 
summarizes the results reported for these combined fractions.
Table 1. Madorsky and Straus (2) PEG Results Summary.
% of totalCompound volatiles
Formaldehyde 0.7
Ethanol 0.4
Polyethylene oxide 3 .9
Carbon dioxide 1. 0
Water 0.2
About 2 0 saturated and unsaturated 3.5compounds, comprising alcohols, acids aldehydes, ketones, ethers, and esters, in the range of 1 to 7 carbons.
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Several mechanisms of degradation have been presented to 
explain formation of some of the products identified. 
Madorsky and Strauss described the pyrolysis of polyethylene 
oxide (PEG) as having both type I and type II scissions. Type 
I scission was described as an intramolecular transfer of 
hydrogen resulting. in saturated and unsaturated products 
(disproportionation):
— CH2-CH2-0-CH2-CH2-0—  => — CH2-CH2-OH + CH2=CH-0—  (1.1)
Type II scission was the homolytic cleavage of the carbon- 
oxygen bond resulting in two radical products:
— CH2-CH2-0-CH2-CH2-0—  => — CH2-CH2-0. + • CH2-CH2-0—  (1.2)
Reaction 1.2 was postulated to continue to produce 
ethylene oxide, and propagate the chain reactions with a 
coincident radical formation:
/ ° \— CH2-CH2-0-CH2-CH2-0. => CH2-CH2 + — CH2-CH2. (1.3)
Free radical mechanisms without the necessary initiation 
and termination reactions were postulated to explain the 
products that were not completely identified. Hydrogen 
abstraction and disproportionations are always viable radical 
termination reactions? however, hydrogen atom abstraction also 
propagates the radical reaction series.
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Ishikawa (3) determined that the structure and degree of 
polymerization are the controlling factors in determining 
thermal stability. Polyethylene glycol was compared to 
polystyrene, , polyvinyl alcohol, and methyl methacrylate. 
These polymers were classified as depolymerization-type 
polymers which readily depolymerize into monomers by free 
radical dissociation.
The temperature of maximum degradation was found to 
increase with molecular weight until reaching 1000 daltons. 
After 1000 daltons, the temperature of maximum degradation, 
350°C, was almost constant. Figure 4, constructed from 







0 1000 2000 4000 5000 6000
MOLECULAR WEGHr PEG 
Figure 4. Tmax Versus Molecular Weight.
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The intermolecular forces of PEG polymer units become 
comparable to the bond energy at 1000 daltons. Below 1000 
daltons volatilization occurred as the translational kinetic 
energy exceeded the iiVtermolecular forces of attraction. 
Above 1000 daltons and 350°C the thermal kinetic energy 
exceeds the intramolecular bond energy and thermal degradation 
takes over as the mechanism of weight loss. The activation 
energies for the thermal degradation of polyethylene glycols 
of 1000, 4000, and 6000 daltons were determined to be 45,
42,and 3 6 kcal, respectively.
During Ishikawa's experiment, the sealed pyrolysis 
chamber pressure was recorded to monitor the reactions 
producing gases. Primary degradation above 325°C increased 
the pressure inside the chamber. Above 450°C secondary 
dissociations of the pyrolysis products were indicated by an 
increase in pressure. An increase in the moles of gas within 
the closed pyrolysis apparatus due to secondary reactions 
increased the pressure within the vessel. No more information 
regarding these secondary pyrolysis reactions was given.
Conder et al. (4) studied the thermal decomposition of 
PEG 20M in relation to its use as a stationary phase in gas 
chromatography. They cited three factors affecting the 
pyrolysis of PEG 2 0M: the oxygen present in the carrier gas, 
the catalytic action of the support medium, and the catalytic 
action of the major pyrolysis products, reported to be acetic 
acid and acetaldehyde.
Acetic acid was titrated in order to determine the amount 
of oxidative degradation occurring on the column material. 
The formation of acetic acid has not been reported in any
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other papers. They also demonstrated that oxygen removal from 
the carrier gas reduced the degradation rate to nearly one 
fifth. The amount of oxygen removed from the carrier gas 
corresponds to a reduction from 10"5 to 10"8 parts, clearly 
trace levels.
Gillick and Hill experimented with PEG as a heat transfer 
fluid (5) . In their report, they briefly described a 
pyrolysis residue that was a dark brown, glassy, shiny 
substance, similar to that described by Madorsky and Strauss
(2) . The oxygen supply was reported as not being a rate 
determining factor for PEG degradation, and in most 
applications a limitation of air did not hinder oxidative 
degradation. Atmospheric gases, however, were not restricted 
completely since glass wool plugs were used to stopper the 
pyrolysis tube. This method was not as thorough as Conder et 
al. (4) limitation of air at elevated temperatures, and is not 
expected to represent a true limitation of atmospheric oxygen.
Also mentioned by Gillick and Hill (5) was the affinity 
of PEG for water. PEG can take up 5-10 percent of its weight 
in water from the atmosphere. This was not related directly 
to decomposition in the study, but can be related to the 
overall pyrolysis efficiency. Any adsorbed water will be 
removed before pyrolysis by evaporation, an endothermic 
process. This endothermic evaporation of water can reduce the 
amount of heat available for thermal degradation reactions, 
locally or in the bulk of the material.
Blanchard et al. (6) studied the pyrolysis of 
polystyrene, and polystyrene mixed with PEG4M. The 
polyethylene glycol was used as a free radical generator for
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the thermal degradation of polystyrene. Addition of 
polyethylene glycol at the 50% level increased the true 
thermal decomposition weight-loss of polystyrene by an average 
factor of four compared to polystyrene alone.
Kumar et al. (7) investigated the effect of PEG4M on the 
thermal degradation of tapioca starch. In order to inhibit a 
degradation reaction of starch involving free radical 
competition with non-radical reactions, free radicals 
generated from the concurrent thermal degradation of PEG4M 
were used as free radical scavengers. Success of the previous 
two experiments demonstrates the understanding of the 
fundamental low energy free radical dissociation process 
involved in the thermal degradation of long chain polyethylene 
glycols.
Analytical problems in oligomer molecular weight 
determination of polyethylene glycols were encountered by 
Lattimer et al. (8). Their research involved xenon fast atom 
bombardment ionization in the presence of Nal. The resulting 
analyte, M, sodium attached ion (M+Na+) was shown to be very 
stable, and useful in the determination of 600 dalton PEG 
oligomers. This article addressed the extensive electron 
ionization fragmentation of polyethylene glycols. The 
electron ionization fragmentations make molecular weight 
determinations and identifications difficult. Thermal 
degradation was not discussed by this study.
Fink and Freas (9) experimented with thermospray mass 
spectrometry of poly(ethylene glycols) and peptides. It was 
shown that PEG oligomers of mass 3 00-700 could be analyzed in­
tact using "soft" thermospray ionization. This ionization was
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accomplished with essentially no fragmentation, possibly the 
best of a series of "soft" ionization techniques for molecular 
weight determination of polyethylene glycol oligomers. These 
ionization techniques include field desorption mass 
spectrometry (10), laser desorption mass spectrometry (11), 
252Cf plasma desorption mass spectrometry (12) , chemical 
ionization (13), and fast atom bombardment mass spectrometry 
(14).
Some major differences in the pyrolyses studies discussed 
in this section include the mention of acetic acid as a major 
oxidation product in only one study (4). Also, there exists 
a lack of product identification and termination reactions to 
explain products such as the acetic acid and formaldehyde 
(4,2). From this brief overview of related polyethylene 
glycol research, it is apparent there is a lack of information 
concerning the thermal degradation of polyethylene glycol. No 
thermal degradation information has been found specifically 
discussing polyethylene glycol as a binder.
Degradation of Polwinvl Alcohol
Vasile et al. (15) pointed out the very important fact 
that polyvinyl alcohol (PVA) does not denote a unique compound 
[HO-CH2-CH2“ (CH-CH2-)nCH-CH2OH] . Polyvinyl alcohol is made by 
the hydrolysis of polyvinyl acetate. Commercially available 
PVA is 70-99% hydrolyzed which represents the completeness of 
residual acetate group removal.
The acetate removal involves the consumption of a water 
molecule, and results in the alcohol functionality and acetic 
acid. Vasile et al. went on to relate the thermoxidative
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degradation of polyvinyl alcohol to the degree of hydrolysis. 
An increase in residual acetate groups caused an increase in 
weight loss at a given temperature of degradation. This 
weight loss was attributed to the rapid elimination of acetic 
acid.
Tsuchiya and Sumi (16) found that the thermal 
decomposition of 99% hydrolyzed polyvinyl alcohol occurred in 
two stages: the loss of water and other volatile products, and 
the formation of long chain polyenes and polynuclear 
aromatics. Acetaldehyde was also reported to be the major 
organic decomposition product. A variety of confirmation 
techniques were used to identify the products including 
multiple gas chromatographic columns and detectors. Gas 
chromatography/mass spectrometry was not used. Table 2 
summarizes their volatile pyrolysis product results.
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Two different homologous series of volatile products were 
reported as products in this study, the first having the 
general structure of
0=CH- (CH=CH) n-CH3
and the second of general structure 
CH3-C- (CH=CH) n-CH3.
0
Mechanisms of degradation were presented by Tsuchiya and 
Sumi(16) to support these and other product formations and are 
included here :
I
—  (CH-CH2-)n-CH-CH2—  => — (CH=CH-)n-CH-CH2—  + nH20 (1.4)
OH OH OH
+ CH3- (CH-CH2) n.
OH
Although they did not mention radical formation, a radical 
mechanism was proposed to explain the pyrolysis products:
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* — CH-CH2- (CH=CH-) n-C=CH2 ==> — CH-CH2-(CH=CH-) n-C-CH3
I I I  I'OH OH OH O
* denotes an unstable compound which rapidly undergoes the 
subsequent reactions.
The observation that more aldehydes than ketones were 
formed in the degradation process is supported by the fact 
that aldehydes are produced by reactions 1.5 and 1.6, where 
ketones are produced only in reaction 1.6. The hydrogen 
product of reaction 1.6 was not included in the report, but is 
necessary for conservation of electrons and mass.
Tsuchiya and Sumi also reported some aromatic compounds, 
including benzene, benzaldehyde, and acetophenone. Tsuchiya 
and Sumi's report (16) did not address volatile polyene 
pyrolysis products. They did mention that the residue 
consisted of macromolecules having polyene structure.
Ballistreri et al. (17) investigated the two stages of 
PVA pyrolysis by direct pyrolysis mass spectrometry. The 
samples were placed in the source of a mass spectrometer and 
heated at 10°C per minute from 80°C to over 350°C. Several 
vinyl polymers were investigated in the study, each with an 
electronegative substituent, X, in the — (CH2-CH) —  
position (x- Cl, Br, Acetate, Alcohol). X
The first degradation stage involved the elimination of 
HX to form a polyene backbone. The elimination temperature 
was different for each X. Figure 5 demonstrates the 
relationship between the first stage pyrolysis temperature and 
the electronegativity of group X. The more electronegative 
the group, the higher the temperature of the initial
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degradation. These results are in agreement with the radical 
dissociation energies of the R-X bonds.






150 250 300100 200 350 *C
Figure 5. Total Ion Current Versus Temperature From Ballistreri et al. (17).
The elimination of HX from the various polymers results 
in the formation of the polyene backbone. These polyene 
backbones degraded at the same temperatures for all polymers 
since the removal of the different functionalities produces 
the same polyene backbone. The degradation of the polyene 
(second stage decomposition) occurred at approximately 350°C, 
and produced almost exclusively aromatic hydrocarbons.
Ballistreri et. al reported benzene, naphthalene, 
anthracene, and alkyl derivatives of the corresponding
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aromatic as the major products. Aldehydes and ketones were 
not observed in the products. Tabl6 3 summarizes the reported 
results, where M + represents the cation analyte.

















Lattimer and Kroenke (18) reported on the mechanism of 
formation of aromatic pyrolysis products from polyvinyl 
chloride. Polyvinyl chloride degrades similar to polyvinyl 
alcohol, except that HC1 is expelled, not water. After the 
multiple loss of HC1 the polyene backbone is identical to that 
described by Ballistreri et al. (17). The paper by Lattimer 
and Kroenke describes the intramolecular rearrangement of the
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polyene backbone to form benzene, naphthalene, toluene, and 
other substituted aromatic, . and polynuclear aromatic 
hydrocarbons. The complex reaction sequence, denoted by 
==>==>==>, always produced two radicals for conservation of 
electrons:
— CH=CH-CH=CH-CH=CH-CH=CH-CH=CH—  ==>==>==> (1.7)
^  ^  + 2 • CH=CH—
Duncalf and Dunn (19) proposed a radical degradation 
mechanism addressing radical propagation and stable end 
product formation. Initiation is similar to reaction 1.6.
— CH2-CH-CH2-CH—  + -R => — CH2-C-CH2-CH—  + RH (1.8)
oh Ah Ah oh • .
A







?•— ch2-c-c h2-c h— OH (1.11)
OH OH
/OH— c h2-c -c h2-<j:h —  => 
OH OH
— CH,-C + • c h2-<|:h —
OH
(1.12)
From the literature summarized, it is evident that there 
are several different opinions between researchers on the 
degradation of PVA. Some reported acetic acid as a major 
pyrolysis product (15), whereas others did not (17). The 
degree of hydrolysis explains this discrepancy when coupled 
with the rapid acetate loss described earlier (15) . Some 
studies alluded to conjugated polyene backbones, but no such 
products were identified (16). Two studies mention only 
aromatic hydrocarbons, polynuclear aromatic hydrocarbons, and 
their alkyl substituted analogs (17,18).
T-4050 24
EXPERIMENTAL
Description of Binders 
Binders commonly used with aluminum oxide include 
polyethylene glycol; 8,000 and 2 0,000 molecular weights, 
polyvinyl alcohol and glycerine. Table 4 summarizes the 
materials used in this study, including their abbreviations 
and Coors' code.
Table 4. Binder Description Summary
Coors1 Code Compound
polyethylene glycol M.W. 8000
polyethylene glycol M.W. 2 0000
70% polyethylene glycol M.W. 20000 30% polyethylene glycol M.W. 8000
AD96-A6 alumina body plus deflocculant
polyvinyl alcohol, 99% hydrolyzed 10,000 molecular weight.







The PEG8M represents a 8,000 molecular weight 
polyethylene glycol (carbowax). PEG20M is a double epoxide 
cross linked polymer made up of two or three PEG8M units. The 
2 0,000 molecular weight is based on the average of the 16,000 
and 24,000 molecular weight macromolecules.
Polyvinyl alcohol used in this study was manufactured by 
the hydrolysis of polyvinyl acetate. The manufacturers 
specifies a 99% hydrolysis degree.
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Thermochemistry
Polyethylene glycols (8,000 and 20,000 molecular 
weights), polyvinyl alcohol, and AD96-A6 were analyzed by 
thermal gravimetric analysis (TGA), and differential thermal 
analysis (DTA). These experiments were conducted in nitrogen 
and air atmospheres, using binders and AD96-A6 separately and 
with binder/AD96-A6 mixtures. Thirty to fifty milligrams of 
each sample was used in the analyses.
The TGA experiments were carried out at a heating rate of 
2 0°C per minute between 2 0°C and 1100°C. During thermal 
gravimetric analysis the sample was heated on a balance that 
records weight loss versus temperature. The information 
gained gives insight to the onset and completion of thermal 
decomposition processes within the sample during pyrolysis.
Differential thermal analysis experiments were conducted 
similar to the TGA analyses, with a heating rate of 2 0°C per 
minute between 20°C and 1100°C. Differential thermal analysis 
involves heating of thd sample while monitoring its internal 
temperature. The data obtained gives information concerning 
the thermodynamic processes occurring during the pyrolysis of 
the sample.
Pvrolvsis
A tube furnace to generate decomposition products from 
both the binders, and the binders mixed with alumina was 
constructed. The pyrolysis chamber is a Pyrex glass tube 1.25 
inches in diameter and approximately 14 inches long. About 
six inches of the tube was actually in the heated zone. The 
temperature of the pyrolysis zone was monitored using a type
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K thermocouple mounted in the center of the heated portion of 
the Pyrex tube. A schematic of the furnace is shown in Figure 
6 .
Approximately 0.2 grams of sample was introduced into the 
furnace in a ladle. The last three inches of the tube was 
packed with 3/8 inch alumina balls, silica glass chips, and 
pyrex glass wool as various heat sinks. The products from the 
thermal degradation were transferred from the furnace through 
a heated line, maintained at 200°C, into an impinger filled 
with methanol in an ice bath.
The pyrolysis temperatures used were determined from 
earlier TGA/DTA analyses. The temperature of 450°C in air was 
chosen above the temperatures of maximum degradation. 
Nitrogen pyrolysis temperature of 550°C was chosen for the 
same reason, and was higher due to the elevated Tmax shown in 
the thermal analyses of both polyethylene glycol and polyvinyl 
alcohol.
Nitrogen and air atmospheres have been investigated. The 
nitrogen atmosphere was used to try to understand the 
processes which take place in the heating of larger, thicker 
ceramic pieces. For the samples pyrolyzed in nitrogen, the 
pyrolysis apparatus was heated to pyrolysis temperature, and 
flushed with approximately seven bed volumes of nitrogen. In 
a more rigorous nitrogen pyrolysis experiment the apparatus 
was kept under vacuum for 15 minutes while maintaining the 


































Figure 6. Pyrolysis Tube.
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The extent of sample degassing is not known. Degradation 
of polyethylene glycol has been reported to be sensitive to 
oxygen at trace levels (4). In both experiments the 
conditions were maintained while the sample degassed in the 
cool end of the tube furnace.
The sample was then moved with a magnet from the cool end 
to a warmer melting zone where it was exposed to the 
pyrolysis atmosphere while melting. As the solid sample 
melted and flowed together, gas bubbles were evolved and 
trapped in the liquid that formed. Pyrolysis atmosphere was 
maintained until the bubbles dissipated, but incomplete gas 
flushing could have also occurred at this stage.
Following the melting process, the sample was moved into 
the pyrolysis zone. During pyrolysis a "fog" of products was 
produced and transferred to the cooled impinger. When the fog 
decreased, the flow rate of the carrier gas, nitrogen or 
compressed air, was increased in an attempt to recover the 
heavier, less volatile, pyrolysis products. After the 
transfer line cooled, methanol was used to rinse the transfer 
line. The methanol transfer line rinses were combined with 
the impinger methanol for the total sample. Once the 
pyrolysis products were collected, they were analyzed by gas 
chromatography/mass spectrometry.
Product Analysis 
Volatile product analyses were conducted using both 
Varian and Hewlett Packard gas chromatographs interfaced to 
two different Extrel mass spectrometers. The Extrel mass 
spectrometers included a series 400 single quadrupole mass
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spectrometer, and series 4 00 triple quadrupole mass 
spectrometer. The mass spectrometers were utilized in both 
electron (El) and chemical (Cl) ionization modes, 
respectively.
The El volatile product analysis was done on a Hewlett 
Packard 5890 gas chromatograph interfaced to an Extrel ELQ 4 00 
series mass spectrometer. The GC conditions included:
injector- 260°C; split- 10:1, 1:30 delay; column- DB5, 0.32 mm 
id x 30m, 0.25 urn film thickness; flow 1.6 ml/min; initial
temp- 35°C, 2 min. ; ramp a- 6°C/min to 280°C, 5 min hold; ramp 
b- 40°C/min to 32 0, 4 min hold. Mass spectrometer conditions 
were: interface 280°C; ionizer 200°C; electron ionization 70
eV; filament delay 3:50; start mass 29; end mass 501; scan 
rate 475 amu/sec; run time 54 min.
Electron ionization is primarily a finger printing 
technique which can be used for identification. The 
ionization technique imparts a large excess of internal energy 
to the molecule, causing the radical cation to break up, or 
fragment. These fragments are characteristic for a specific 
molecule in the fact that their relative intensities can be 
compared against a spectral library of known fragmentation 
patterns for identification. The NBS library of over 40,000 
compounds was used for spectral identification.
The volatile products were analyzed by Cl using a Varian 
34 00 gas chromatograph interfaced to an Extrel series 400 
triple quadrupole mass spectrometer. The GC conditions 
included: injector-260°C; split 10:1, 1:30 delay; column- DB5, 
0.32 mm id x 3 0m, 0.25 urn film thickness; flow 1 ml/min;
initial temp- 35°C, 2 min. ; ramp a-6°C/min to 280°C, 5 min.
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hold; ramp b- 40°C/min to 320, 4 min. hold. Mass spectrometer 
conditions were: interface 280°C; ionizer 200°C; filament delay 
3:50; start mass 49; end mass 521; scan rate 475 amu/sec; 
methane reagent gas source pressure was maintained at 3.0 xlO’A 
torr.
Chemical ionization is a softer ionization technique. It 
is fundamentally an acid-base reaction which adds very little 
excess kinetic energy to the molecule. The methane reagent 
gas reaction series and their reaction with an analyte, M, are 
summarized below.
CH4 + e" ==> CH4+« + 2e~ (2.1)
CH4+* + CH4 ==> CH5+ + CH3. (2.2)
CH4+ ==> CH3+ + H« (2.3)
CH3+ + CH4 ==> C2H5+ + H2 (2.4)
C2H5+ or CH5+ + M ==> MH+ (2.5)
There are several other ionizing species present, but CH5+ 
and C2H5+ are the primary proton sources for the Cl reactions. 
The initial ionization of methane reagent gas creates a series 
of Bronsted acids capable of donating H+. The chemical 
ionization is an acid-base reaction which provides less energy 
to the molecule which results in less fragmentation of the 
molecular ion. By the use of standards, molecular weights
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were verified using Cl mass spectrometry for most of the 
analytes.
Two representative samples of PEG8M pyrolyzed under 
nitrogen at 550°C were submitted to Coors Analytical 
Laboratory and North East Research Institute (NERI) for GC/FT- 
IR analysis. Due to sensitivity problems inherent in GC/FT-IR 
analyses, and poor chromatography due to the necessary sample 
load, very little information was gained from the Coors' 
analysis. The NERI GC/FT-IR data was more useable, and is 




Thermal gravimetric analysis (TGA) provides information 
concerning the onset and completion of thermal degradation 
weight loss. The other commonly used thermal technique, 
differential thermal analysis (DTA), gives information 
regarding heat loss or gain from thermal processes as a 
function of temperature. All TGA and DTA thermograms 
referenced in the following discussion are included in 
Appendix I, and labeled as Figures I-X. Approximate 
temperatures will be used for simplicity when referencing 
thermal analysis events.
Polyethylene Glvcol
The thermal gravimetric analyses of pure PEG8M in air 
showed that the initiation temperature of pyrolysis was 220°C, 
the maximum degradation was 280°C, and the complete weight 
loss of pure PEG8M was at 325°C, Figure 1-1. These values 
increase to 250°C, 400°C, and 42 0°C in a nitrogen atmosphere, 
respectively, Figure 1-2. Total weight loss was 100% in both 
experiments. Nitrogen pyrolysis increased the complete weight 
loss temperature by 100°C. The implication of this to binder 
burnout is an increase in the time necessary for binder 
removal and pyrolysis product completion under conditions of 
low oxygen availability. This represents a clear decrease in 
binder loss efficiency.
The differential thermal analysis data for PEG8M in air, 
Figure 1-3, showed an endotherm occurring at 90°C and a
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large, broad exotherm at 3 50°C. In nitrogen, Figure 1-4, 
there were two endotherms, 90°C and 4 00°C. Exotherms occurring 
above the temperature of complete weight loss are assumed to 
be instrumental artifacts in the Coors1 data.
The PEG2 0M thermal gravimetric results are nearly 
identical to the PEG8M TGA results. Weight loss in an air 
atmosphere started at 2 00°C, maximum degradation occurred at 
285°C, and thermal degradation weight loss completed at 320°C, 
as demonstrated in Figure 1-5. In nitrogen, Figure 1-6, the 
temperatures for the same events were 250°C, 400°C, and 420°C 
respectively. One hundred percent total weight loss was 
achieved in both experiments, again with a 100°C difference. 
Differential thermal analysis events for PEG2 0M in air 
included an endotherm at 90°C and a large, broad exotherm at 
360°C, Figure 1-7. Under nitrogen there were the same two 
endotherms as PEG8M, one at 95°C, and one at 385°C, Figure 1-8.
Thermal gravimetric analyses of AD96-A6, the alumina body 
plus deflocculant and dye, in air resulted in a weight loss 
versus temperature plot starting at 50°C and completing at 
700°C, shown in Figure 1-9. In nitrogen, Figure 1-10, the 
results were a decrease of mass versus temperature 
approximating that of the air mass loss versus temperature 
profile. The weight loss began in nitrogen at 50°C and 
finished at 685°C. Total weight loss was 2.4 percent in both 
atmospheres and is attributed to the content of the 
deflocculant and dye.
Differential thermal analyses of AD96-A6 in air, Figure 
1-11, showed an endotherm at 190°C, and a short broad exotherm 
at 380°C. The nitrogen atmosphere results included an
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endotherm at 215°C/ and an exotherm at 420°C, Figure 1-12, with 
the same general areas as air. Endotherms occurred above the 
temperature of completed weight loss, and are believed not to 
correlate to thermal degradation reaction. The thermal data, 
particularly the DTA, will be used in conjunction with the 
mixtures thermal data when reviewed.
Weight loss for the PEG/AD96-A6 in air started abruptly 
at 23 0°C, then slowed for a maximum degradation temperature of 
245°C and completed weight loss by 700°C, Figure 1-13. The 
nitrogen atmosphere TGA of the polyethylene glycol/AD96-A6 
mixture, Figure 1-14, showed a rapid weight loss initiating at 
250°C. In comparison with the TGA in air, an overall slower 
degradation rate was observed for the nitrogen atmosphere.
The maximum degradation occurred by 3 60°C and maximum 
weight loss occurred by 700°C in nitrogen for the PEG/AD96-A6 
system. For similar sample sizes, the nitrogen atmosphere 
data showed a slower binder loss at elevated temperatures when 
compared to air, but the final weight loss occurred in both 
atmospheres by 700°C, as in the AD96-A6 system.
When PEG8M and PEG20M were combined with AD96-A6 at 
levels of 1.7% and 4.0% respectively, a 7.4 percent total
weight loss in air and 7.6 percent weight loss in nitrogen
were observed. The total sample agrees closely with the 2.4% 
deflocculant and dye, and the 5.7% polyethylene glycol binder. 
The polyethylene glycols weight loss represented only five 
weight percent of the total ceramic raw material after
subtraction of the AD96-A6 weight loss, compared to 5.7%
binder added.
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Results for the DTA analysis of polyethylene glycols and 
alumina mixture in air included a small endotherm at 75°C, a 
large, broad exotherm at 275°C, a smaller, broad exotherm at 
390°C, Figure 1-15. The exotherm at 390°C is from the AD96-A6 
system. The nitrogen atmosphere DTA, Figure 1-16, had an 
endotherm 85°C, a small broad exotherm at 3 00°C, and a larger, 
broad exotherm at 440°C. Table 5 summarizes the polyethylene 
glycol TGA data, and Table 6 the polyethylene glycol DTA data.
Table 5. PEG TGA Data Summary.
Initial Maximum Final % totalSamolePEG8M AtmosohereAir Temo.220UC Dearadation280UC Temo. 325 C Weiaht100
PEG8M Nitrogen 250°C 400°C 420°C 100
PEG20M Air 200°C 285°C 320°C 100
PEG2 0M Nitrogen 250°C 400°C 42 0°C 100
AD96-A6 Air 50°C 610°C 700°C 2.4
AD96-A6 Nitrogen 50°C 560°C 685°C 2.4
PEG8/2 0M* Air 23 0°C 245°C 700°C 7.4
PEG8/2 0M* Nitrogen 270°C 390°C 700°C 7.6
* Represents specified binder plus AD96-A6.
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Table 6. PEG DTA Data Summary.
Event Event Event EventSample Atmosphere Temp. Temo. Temo. Temo.PEG8M Air Endo Exo
90°C 350°C
PEG8M Nitrogen Endo Endo
90°C 400°C
PEG2 0M Air Endo Exo
90°C 360°C
PEG20M Nitrogen Endo Endo
95°C 385°C
AD96-A6 Air Endo Exo Endo
190°C 390°C 745°C
AD96-A6 Nitrogen Endo Exo Endo
215°C 420°C 750°C
PEG8/20M* Air Endo Exo Exo Endo
75°C 275°C 390°C 740°C
PEG8/20M* Nitrogen Endo Exo Exo Endo
85°C 310°C 440°C 735°C
* Represents specified binder plus AD96-A6.
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The common endotherm at 90°C in the DTA analyses of PEG8M 
and PEG20M is produced from the evaporation of water. The air 
pyrolyses had only one significant, broad exotherm at 3 50°C, 
which is indicative of the thermal degradation of the polymer 
with oxygen. Nitrogen pyrolysis data indicated an endotherm 
at 400°C representing the thermal degradation and subsequent 
evaporation of the polymer.
With the AD96-A6, the nitrogen pyrolyses of PEG are 
anomalous. When pyrolyzed neat, the binders had only 
endotherms. In the presence of alumina, there exist only 
exotherms, after subtraction of the AD96-A6 contribution. 
This is believed to be a result of residual oxygen sorbed onto 
the surface of the alumina grains. The data illustrate the 
effect of a small amount of oxygen on polyethylene glycol 
pyrolysis reported by Conder et al. (4).
Polwinvl Alcohol
The polyvinyl alcohol thermal gravimetric analysis in 
air, Figure 1-17, revealed a rapid loss of weight versus 
temperature profile, with the initial weight loss occurring at 
250°C, the maximum degradation at 340°C, and a 100 percent 
weight loss by 520°C. Under nitrogen, Figure 1-18, weight 
loss started at 270°C, maximum weight loss occurred by 340°C, 
and 100 percent weight loss was achieved by 52 0°C.
Examination of the slope of the TGA results in both 
atmospheres reveals multiple slopes in the weight loss versus 
temperature plot. The first slope is attributed to multiple 
dehydrations, and the second slope is correlated with 
degradation of the polyene and simultaneous formation of a
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crosslinked char. The char erosion occurs during the weight 
loss shown in the third slope, which is steeper than the 
second.
Differential thermal analysis of PVA in air showed 
several thermal events. The endotherm with the smallest area 
occurred at 205°C, while other exotherms at 305°C, 370°C, and 
500°C were also observed in Figure 1-19. The nitrogen 
atmosphere pyrolysis resulted in two endotherms: a small
endotherm at 2 05°C, and a large exothermic hump from 3 00°C to 
800°C, see Figure 1-20.
The PVA combined with AD96-A6 in air had a weight loss 
which occurred gradually from 220°C to 700°C, achieving a total 
of four percent weight loss, shown in Figure 1-21. Polyvinyl 
alcohol represents 1.6 total weight percent, and the 
deflocculant is 2.4 weight percent. Under a nitrogen 
atmosphere, Figure 1-22, the system produced an initial weight 
loss at 23 0°C, followed by a gradual loss of four percent 
total weight loss by 700°C. The recorded 1.6% weight loss 
closely approximates the 2% PVA binder added over the 
deflocculant.
Air DTA analysis of the PVA AD96-A6 mixture showed a 
single broad exotherm at 370°C, accompanied by a single 
endotherm at 735°C, see Figure 1-23. Under nitrogen a single 
broad exotherm occurred at 400°C, and also the AD96-A6 small 
wide endotherm at 73 0°C, Figure 1-24. Tables 7 and 8 
summarize the polyvinyl alcohol TGA and DTA data, 
respectively.
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% of total Weiaht loss 100
PVA Nitrogen 280°C 340°C 52 0°C 100
AD96-A6 Air 50°C 610°C 700°C 2.4
AD96-A6 Nitrogen 50°C 560°C 685°C 2.4
PVA* Air 250°C 335°C 700°C 4.0
PVA* Nitrogen 270°C 320°C 690°C 4.0
Table 8. PVA DTA Data Summary.
Event Event EventSamole Atmosohere Temo. Temo. Temo.PVA Air Endo Exothermic hump
205°C 250°C- OoOO00
PVA Nitrogen Endo Exothermic hump
2 05°C 300°C- 00 o o o o
AD96-A6 Air Endo Exo Endo
190°C 375°C 740°C
AD96-A6 Nitrogen Endo Exo Endo
215°C 420°C 750°C
PVA* Air Exo Endo
370°C 735°C
PVA* Nitrogen Exo Endo
425°C 73 0°C
* Represents specified binder plus AD96-A6.
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Polyvinyl alcohol degradation was not reported to be 
oxygen sensitive in any of the cited references, and no such 
effect was demonstrated in this data. Polyvinyl alcohol has 
small endotherms at 200°C when degraded in nitrogen or air. 
These endotherms are thought to correspond to the multiple 
dehydration of the polymer. The exotherms occurring above 
300°C represent oxidation of the polymer.
Oxidation reactions were not hindered under nitrogen 
since the DTA data did not change with atmospheres. In the 
thermally insulating alumina it is not surprising that the 
small endotherm of multiple dehydrations is lost in the 
thermal energy sink of the insulating alumina, and similar 
reactions occur at slightly higher temperatures. The 
oxidation exotherms occur at roughly the same temperatures, in 
the presence or absence of alumina.
Standard Binder System
The AD96—A6/standard binder system was analyzed by 
thermal gravimetric analysis and differential thermal 
analysis. The weight loss versus temperature profile was 
comprised of three separate slopes ending at a one hundred 
percent weight loss at 700°C in both atmospheres, just as the 
AD96-A6 system did, Figures 1-25 and 1-26. The DTA analysis 
data are identical to the polyethylene glycol AD96-A6 systems, 
Figures 1-27 and 1-28. The TGA and DTA data are summarized in 
Tables 9 and 10, respectively.
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Table 9. Standard Binder System TGA Data Summary.
Initial Maximum Final % of totalSamole Atmosohere Temp. Temp. Temp. Weiaht lossAD96-A6 Air 50°C 610 C 700"C 2.4
AD96-A6 Nitrogen 50°C 560°C 685°C 2.4




Table 10. Standard Binder System DTA Data Summary.
Event Event Event' EventSamDle Atmosohere Temo. Temo. Temo. Temo.AD96-A6 Air Endo Exo Endo
190°C 390°C 745°C
AD96-A6 Nitrogen Endo Exo Endo
215°C 420°C 750°C
Standard Air Endo Exo Exo Endo
Binder* 75°C 270°C 390°C 735°C
Standard Nitrogen Endo Exo Exo Endo
Binder* 80°C 3 05°C 435°C 73 0°C
* Represents specified binder plus AD96-A6
Product Identification
Polyethylene Glvcol
The volatile pyrolysis products collected by the 
impingers (Figure 6) were analyzed by gas chromatography, 
electron and chemical ionization mass spectrometry, and GC/FT- 
IR methods. Representative total ion chromatograms (TIC's) of 
the polyethylene glycol pyrolyses are shown in Figures 7
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through 13 and Figure' 17. The other pertinent chromatograms 
and spectra for the representative analyses are also included 
as Appendix II. Several pyrolysis, chromatographic,
instrument parameters and samples are represented in these 
data.
Polyethylene glycols of 8,000 and 20,000 molecular weight 
were pyrolyzed in the tube furnace under air and nitrogen 
atmospheres at varying temperatures. Figure 7 illustrates the 
chromatogram of the methanol solvent from the first impinger 
of the pyrolysis of PEG20M under air at 400°C, sample H. The 
GC/MS analysis of this methanol solvent showed only the 
lighter pyrolysis products in the early portion of the 
chromatogram, and lacked the heavier, less volatile pyrolysis 
products.
The chromatogram for the thermal degradation of PEG20M 
under air at 400°C, sample I, is shown in Figure 8. This 
sample was composed of the methanol solvent rinse of the 
transfer line and pyrolysis tube. Product distribution in this 
chromatogram is the moderately heavy pyrolysis products in the 
latter middle of the chromatographic run.
The total ion chromatogram (TIC) for PEG20M, sample J, 
pyrolyzed under nitrogen at 450°C is illustrated in Figure 9. 
This analysis contained both the methanol impinger solution 
and the methanol from the transfer line and pyrolysis 
apparatus rinse, as do all subsequent samples. The 
chromatogram showed a product distribution covering the entire 
range of the chromatographic run and represents the complete 
distribution of PEG20M pyrolysis products under these 
conditions.
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Figure 10, the chromatogram of sample K, summarizes the 
pyrolyses of PEG20M under air at 450°C in the presence of the 
raw alumina mixture, AD96-A6. Figure 11 is the TIC of sample 
L, PEG8M pyrolyzed under nitrogen at 550°C in the presence of 
AD96-A6. Visual inspection of these total ion chromatograms, 
(TIC's), shows a clear trend in the pyrolysis product 
distribution of homologous series.
The PEG8M was pyrolyzed under nitrogen at 550°C, and is 
sample M. Figure 12 is the corresponding three page total ion 
chromatogram of this sample. Table 11 summarizes the product 
identification and quantitation of sample M. A homologous 
series made up of a group of three to seven peaks is repeated 
in a regular sequence along the chromatogram. Each peak 
within the group is assigned a compound designator (A, B, 
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Figure 9. El Total Ion Chromatogram of Sample J.
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TABLE 11. Polyethylene Glycol Volatile Analysis Summary.
LABEL COMPOUND MOLECULAR %GIVEN PEG 1 NAME WEIGHT Tetrahydro-2,5-dimethoxy-furan 13 0 CONC1.5
PEG 2 1-Ethoxy-l-methoxy-ethane 104 1.8
A3 - CH3-0 (CH2-CH2-0) 2-ch2-ch2-oh 164 2.5
A4 CH3-O (CH2-CH2-0) 3-ch2-ch2-oh 208 2. 0
A5 CH3-0 (CH2-CH2-0) 4-ch2-ch2-oh 252 <0.5
A 6 CH3-0 (CH2-CH2-0) 5-ch2-ch2-oh 296 <0.5
A7 CH3-0 (CH2-CH2-0) 6-ch2-ch2-oh 340 <0.5
A8 CH3-0 (CH2-CH2-0) 7-ch2-ch2-oh 384 <0.5
A9 CH3-0 (CH2-CH2-0) 8-ch2-ch2-oh 428 <0.5
A10 CH3-0 (CH2-CH2-0) 9-ch2-ch2-oh 472 <0.5
B3 o=ch-ch2 (0-CH2-CH2) 2-o-ch2-ch3 176 <0.5
B4 o=ch-ch2 (o-ch2-ch2) 3-o-ch2-ch3 2 2 0 0.7
B5 o=ch-ch2 (0-CH2-CH2) a-o-ch2-ch3 264 <0.5
B6 o=ch-ch2 (o-ch2-ch2) 5-o-ch2-ch3 308 0.7
B7 o=ch-ch2 (o-ch2-ch2) 6-o-ch2-ch3 352 <0.5
B8 o=ch-ch2 (0-CH2“CH2) 7-o-ch2-ch3 396 0.7
B9 o=ch-ch2 (o-ch2-ch2) 8-o-ch2-ch3 440 <0.5
C2 CH3-0 (CH2-CH2-0) -ch2-ch3 104 2. 2
C5 CH3-0 (CH2-CH2“0) 4-ch2-ch3 236 1.2
C6 CH3-0 (CH2-CH2-0) 5-ch2-ch3 280 1.8
Cl CH3-0 (CH2-CH2-0) 6-ch2-ch3 324 3 .1
(continued)
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Table 11 (cont.).LABEL COMPOUND MOLECULAR %GIVEN NAME WEIGHT CONC
C8 ch3-o (CH2-CH2-0) 7-ch2-ch3 368 1 . 6
C9 CH3-O (CH2-CH2-0) 8-ch2-ch3 412 1.5
CIO CH3-O (CH2-CH2-0) g-CH2-CH3 456 1.3
Cll CH3-0 (CH2-CH2~0) 10“CH2-CH3 500 1.0
D1 ch3-ch2-o-ch2-ch2-oh 90 1.1
D2 ch3-ch2-o (CH2-CH2-0) -ch2-ch2-oh 134 4.4
D3 CH3-CH2-0 (CH2-CH2-0) 2-ch2-ch2-oh 178 5.4
D4 ch3-ch2-o (CH2-CH2-0) 3-ch2-ch2-oh 222 5.6
D5 CH3-CH2-0 (CH2-CH2-0) 4-ch2-ch2-oh 266 4.2
D6 CH3-CH2-0 (CH2-CH2-0) 5-ch2-ch2-oh 310 5.1
D7 ch3-ch2-o (CH2-CH2-0) 6-ch2-ch2-oh 354 4.8
D8 ch3-ch2-o (CH2-CH2-0) 7-ch2-ch2-oh 398 4.3
D9 ch3-ch2-o (CH2-CH2-0) 8-ch2-ch2-oh 442 2 . 8
DIO CH3-CH2-0 (CH2-CH2-0) 9-ch2-ch2-oh 486 2.2
E3 ch3-ch2-o (CH2-CH2-0) 2-ch2-ch3 162 1.3
E4 ch3-ch2-o (CH2-CH2-0) 3-ch2-ch3 206 1.4
E5 CH3-CH2-0 (CH2-CH2-0) 4-ch2-ch3 250 1.6
E6 CH3-CH2-0 (CH2-CH2-0) 5-ch2-ch3 294 1.9
E7 CH3-CH2-0 (CH2-CH2“0) 6”CH2“CH3 338 2 . 0
E8 CH3-CH2-0 (CH2-CH2-0) 7-ch2-ch3 382 2 . 0
E9 CH3-CH2-0 (CH2-CH2-0) 8-ch2-ch3 426 1.7
ElO ch3-ch2-o (CH2-CH2-0) 9-ch2-ch3 470 2 . 2
Ell ch3-ch2-o (ch2-ch2-0 ) 10-ch2-ch3 514 1.7
E12 CH3-CH2-0 (CH2-CH2-0) n-CH2-CH3 558 1.7
Total = 81.0
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All quantitation is relative to the total sample and 
based upon the mass spectral peak areas with an assumed 
analyte relative response factor of unity.
The polyethylene glycols of eight, sixteen or twenty four 
thousand molecular weight all degraded similarly in air or 
nitrogen, into a series of compounds that repeated along the 
chromatogram. These homologous series are made up of 
compounds having identical end functionalities, increasing in 
size and weight by one monomeric unit (-CH2-CH2-0-) of mass 44. 
It is also apparent that the degradation mechanism producing 
these compounds does not change significantly when the 
atmosphere is changed from air to nitrogen.
All of the polyethylene glycol pyrolysis product mass 
spectra have similar ions, making differentiation between 
homologous series difficult. Ratios of common ions were 
useful in defining homologous series, but no molecular ions 
were present above 134. Difficulties in molecular weight 
determinations have been addressed previously (8-14) for 
polyethylene glycols.
Chemical ionization was utilized in determining a 
molecular ion for each pyrolysis product and was important for 
product identification. Sample M was analyzed by methane gas 
chemical ionization and the corresponding total ion 
chromatogram is shown in Figure 13.
The chemical ionization mass spectra provided information 
to verify the majority of the compounds assigned from their El 
mass spectra. Table 12 gives examples of the end group 
















Figure 13. Cl Total Ion Chromatogram of Sample M
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B6 o=ch-ch2 (0-CH2-CH2) 5-o-ch2-ch3 308 0.7
C6 CH3-0 (CH2-CH2-0) 5-ch2-ch3 280 1.8
D6 ch3-ch2-o (CH2-CH2-0) 5-ch2-ch2-oh 310 5.1
E6 ch3-ch2-o (CH2-CH2-0) 5-ch2-ch3 294 1.9
Gas chromatography-Fourier transform infrared 
spectrophotometry (GC/FT-IR) was also utilized to characterize 
the pyrolysis product. The TIC is included as Figure 14. 
Absorbances in the 1700-1760 cm"1 range indicate the carbonyl 
functionality, but this absorbance is also in some spectra not 
indicated as acids (see Appendix II) , and support the aldehyde 
identifications. Methoxy, ethoxy, and ethanol end groups and 
a polyether backbone were all routinely identified by the 
spectral library searches performed on the GC/FT-IR analyses. 
No acids were identified in the GC/MS data.
The pyrolysis products identified contain functionalities 
that can provide insight into the various thermal propagation, 
unzipping and radical termination reactions associated with 
the degradation of polyethylene glycol. Due to the nature of 
the reactivity of radicals, there are many possible 
simultaneous reactions. Only reactions which explain the 
observed pyrolysis products are postulated.
The primary pyrolysis reactions include cleavage 









































































Figure 14. GC/FT-IR Chromatogram of Sample M.
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— CH2-CH2-0-CH2-CH2-0-CH2-CH2-0—  => — CH2-CH2* (3 .,1)
I
+ — c h2-c h2-o *
II
— CH2-CH2-0-CH2-CH2-0-CH2-CH2-0—  => 2 — CH2-0-CH2- (3.2)
III
I + II => — CH=CH2 + HO-CH2—  (3.3)
where —  represents the continuation of the polymer chain. 
Also 1,11, or III can abstract hydrogen from an available 
source:
— CH2-CH2* + RH => — CH2-CH3 + R.
(3.4)
I (Groups C, D, and E; Table 11)
— CH2-CH2-0« + RH => — CH2-CH2-OH + R* (3.5)
II (Groups A and D; Table 11)
— CH2-0-CH2* + RH => — CH2-0-CH3 + R*
(3.6)
III (Groups A and C; Table 11)
If the source of hydrogen is the polymer backbone, then a long 




I,II,111,and IV are subject to oxidation reactions with 02.
U t— CH2-CH2« + [02] => — CH2-CH2-OH + 2H« + II + HC-CH2—  (3.7)
0I— CH2-CH2-0* + [02] => H-C-H + I Madorsky and Straus(2) (3.8) 
II
— CH2-0-CH2« + [02] => 2H* + C02 + II (3.9)
III
— CH2-CH2-0-CH-CH2-0—  + [02] => — CH2-CH2-0-CH-CH2-0— * (3.10) 
IV
0-0* o
1  11— CH2-CH2-0-CH-CH2-0— * => — CH2-C-0 « (3.11)
+ h o -c h2—
These reactions explain the compounds reported by this 
research and formaldehyde, reported by Madorsky and Straus 
(2) . The final products of oxidation, C02 and H20, were not 
analyzed for in this study.
In the absence of oxygen, disproportionation and 
intramolecular degradation reactions are more pronounced, 
leading to the volatile pyrolysis products described. With an
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abundant supply of atmospheric oxygen, combustion competes 
favorably with the polymer inter- and intra-molecular 
degradation processes. This results in the total volatile 
pyrolysis products detected being less than those from a 
corresponding nitrogen atmosphere pyrolysis.
The free radical reactions take place in the gas phase 
and the polymer melt, causing crosslinking and branching of 
the polymer and a more complex product distribution of the 
lighter compounds. This is evidenced by the less complex 
lighter pyrolysis product homologous series. The heavier 
reaction products have a simpler distribution due to 
involvement in radical melt reactions and represent "primary" 
degradation reactions. This is supported by the fact that 
the heavier groups of homologous series have less members, and 
are less complicated.
Once these primary products outgas from the melt, they 
can be consumed by the free radical reactions and oxygen 
reactions in the gas phase. In the degrading melt and the 
immediate surroundings disproportionation, hydrogen 
abstraction and rearrangement occur in competition with 
combustion.
Polwinvl Alcohol
The pglyvinyl alcohol was pyrolyzed in both air and 
nitrogen atmospheres, at 450°C and 550°C, respectively. 
Methanol was used for the impinger solvent, but later was 
changed to ethanol after questions arose concerning possible 
reactions of the pyrolysis products with methanol. Three 
representative chromatograms are included as Figures 15 to 17.
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All other chromatograms and spectra from the representative 
analyses are included as Appendix III.
Figure 15, the TIC of PVA pyrolyzed under air at 450°C, 
with methanol as the impinger solvent is sample N. Figure 16, 
sample 0, represents the chromatogram of PVA pyrolyzed under 
air at 450°C, with ethanol as the impinger solvent. Finally, 
Figure 17 sample P, is the TIC of PVA pyrolyzed in nitrogen 
atmosphere at 550°C with a methanol impinger.
Collected samples were analyzed by gas chromatography 
with both electron and chemical ionization mass spectrometry. 
The library searches provided a guide to the identity of most 
compounds, unlike the polyethylene glycol systems. Tables 13, 
14 and 15 summarize the PVA identification and relative 
quantification results for the methanol and ethanol impinger 
solvents. Quantification results were obtained from 
integrations of the electron ionization chromatograms and 
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Figure 16. El Total Ion Chromatogram of Sample 0.
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TABLE 13. Sample N Volatile Pyrolysis Products Summary.
LABEL COMPOUND MOLECULARGIVEN NAME WEIGHT








9 1-Phenyl-ethanone 1 2 0
10 Unknown Aromatic





















TABLE 14. Sample 0 Volatile Pyrolysis Products Summary.
LABEL COMPOUND MOLECULAR %GIVEN NAME WEIGHT CONC
1 Acetic acid 60 57
2 3-Penten-2-one 84 0
3 2-Ethoxyethanol 90 2
4 1,l-Dimethoxy-2-butene 116 0
5 2,4-Hexadienal 96 13
6 Benzaldehyde 106 10
7 Phenol 94 2
8 1-(2-Furanyl)ethanone 1 1 0 3
9 1-Phenyl-ethanone 120 5
10 Unknown Aromatic 1
11 (1,2-Dimethoxyethyl)benzene 166 0
12 Unknown Aromatic 0.5
13 Unknown Aromatic 2
14 Unknown Aromatic 0
15 Unknown Aromatic 2
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TABLE 15. Sample P Volatile Pyrolysis Products Summary
LABEL COMPOUND MOLECULARGIVEN NAME WEIGHT




5 2, 4-Hexadienal 96
6 Benzaldehyde 106
7 Phenol 94
























Impinger solvent reactions producing some of the products
were verified by switching ethanol for methanol. Dimethoxy-2-
butene and (1 ,2 -dimethoxyethyl) benzene were all present in the
initial methanol solutions, but not in the ethanol sample. 2 -
Ethoxyethanol was identified in the ethanol sample only.
Since water and acetic acid are the primary pyrolysis products
of PVA it is assumed that the impinger solution is acidic
enough for the reaction illustrated below for a representative
carbonyl in the methanol solvent.
0 OHI |R-C-R + H+ => R-C-R+ (3.12)
OH OH
I + IR-C-R + HO-CH3 => R-C-R + H (3.13)
O-CH3
H+ + C H 3 - O H  = >  C H 3- O H 2+ (3.14)
O H  O-CH3
I ICH3-OH2+ + R-C-R => R-C-R + H+ (3.15)
I IO-CH3 O-CH3
After pyrolysis of PVA was completed, a black fluffy 
residue remained which accounted for up to 2 0 % of the initial 
weight. This residue was not mentioned in the previous 
literature, except for Tsuchiya and Sumi. This char was 
analyzed for carbon, hydrogen and nitrogen. The char residue 
was 79.83 percent carbon, 6.20 percent hydrogen, and 0.11 
percent nitrogen. The remaining 14 percent is assumed to be 
oxygen. The empirical formula for the carbon and hydrogen
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portion is approximately C6H6, indicating pronounced 
unsaturation and crosslinking.
A majority of the compounds identified have been 
previously reported (16,17). 1 (2-Furanyl)ethanone and phenol
are the exceptions. Aromatic compounds, aldehydes, and 
ketones have not previously been reported in any one study for 
a unified product characterization.
Multiple dehydrations are responsible for the initial 
weight loss, and occur through the concerted elimination of 
water.
— C H ,-C H -C H 2-C H -C H 2—  =>  — C H -C H 2-  (CH=CH) n-C H -C H 2—  (3.16)
H OH <!>H d>H
+ n H20
Radical initiation for PVA degradation can be described as 
occurring:
— CH2-C H -C H 2-C H -C H 2—  =>  — CH-CH2- + — CH2-C H . (3.17)
OH OH i)H <!>H
These radicals can help to initiate a reaction cited earlier
(1.6) which had no radical initiation. Again, any of these 
radical products can disproportionate or abstract hydrogen. 
If the long-chain polymer is itself a hydrogen source, then 
secondary radicals exist which can crosslink the polymer upon 
combination with any other polymer radical. Unsaturated 
radicals can be present during the reactions.
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The polyene backbone can undergo an intramolecular 
reaction as described by Lattimer and Kroenke (19), commonly 
called "back-biting", to produce aromatic compounds, 
polynuclear aromatic compounds, char, and saturated or 
unsaturated radicals. The unknown aromatic compounds are 
believed to be the result of crosslinking prior to "back­
biting" or possibly earlier partial hydrogenation of the 
polyene backbone by hydrogen abstraction or 
disproportionation.
Standard Binder System
The standard binder/AD96-A6 system, Sample Q, was 
pyrolyzed under air at 500°C, with the methanol impinger 
solution studied by GC/MS, the TIC is shown in Figure 18. The 
standard binder system was shown to have a product 
distribution identical to the polyethylene glycol systems, 
within the normal pyrolysis product collection variation. 
Single ion plotting of the base ions for the major PVA 
products produced no indication of PVA pyrolysis products, 
including elution under the PEG compounds. This is surprising 
as the instrument sensitivity is in the nanogram range, and 
acetic acid comprised over 50% of the total volatile pyrolysis 
product for PVA. This could indicate a change in degradation 
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Figure 18. El total Ion Chromatogram of Sample Q.
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Polyethylene glycol disassociates into radicals first at 
low temperatures because of the polymer chains 1 carbon-oxygen 
bond is less thermally stable than the carbon-carbon bond in 
the polymer backbone of PVA. This PEG radial formation can 
possibly help to degrade the polyvinyl alcohol into aldehydes, 
ketones, and volatile radicals for continued weight loss 
versus char formation.
PVA was initially believed to be a hydrogen source for 
the degradation of PEG, but that would require an increase in 
the amount of saturated versus unsaturated pyrolysis products. 
The unsaturation products are the result of radical 
disproportionations, which would be in competition with 
hydrogen termination from the PVA, and these products should 
decrease. This effect was not seen in the standard binder 
pyrolysis; however, the PEG/PVA coincidental degradation may 
be mutually beneficial and should be investigated further, 
possibly by varying relative amounts of the two systems.
Implications to Ceramics 
The reported PEG pyrolysis products are thermally labile 
and continue to thermally degrade at similar temperatures. 
This continued degradation leads to the clean removal of 
polyethylene glycol from a ceramic. This is a desired binder 
characteristic, since it leaves no ceramic/organic interfaces 
to interfere with sintering.
It is speculated that manipulation of factors affecting 
the degradation reactions will affect the binder removal from 
the body of the ceramic piece. This experimentation could 
include enhancement by introducing lower energy free radical
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initiators, such as peroxides, throughout the bulk of the 
binder. Radical propagating reactions, such as hydrogen 
abstraction, cause radicals, volatilization and binder loss.
Some of the PVA products identified are more thermally 
stable aromatic products. These products are the precursors 
to the type of char observed in the pyrolysis experiments of 
the pure binder. This char can persist late into the 
sintering process, and restrict grain boundary movement. Such 





The pyrolysis of the polyethylene glycol systems was 
shown to be affected by atmospheric oxygen. The exothermic 
oxidation reaction present in the air DTA of the pure 
polyethylene glycols is absent in the nitrogen DTA results. 
The TGA profiles were not significantly different between the 
two atmospheres, even when combined with alumina.
In the DTA analyses of polyethylene glycol and AD96-A6 in 
nitrogen, there exists an exotherm representing oxidation of 
the polymer. It was proposed that oxygen trapped on the 
surface of the alumina grains and in the initial volume 
porosity volume explains the similarity of the oxygen 
degradation and nitrogen degradations.
The pyrolyses of the PEG in air was more complete and 
produced less of the observed products. However,
disproportionation and hydrogen abstraction products were 
observed. These non-oxygen sources of reaction, and decreased 
thermal stability of both the polymer and its degradation 
products, may combine to make polyethylene glycol an excellent 
binder choice.
Polwinvl Alcohol 
Polyvinyl alcohol had similar TGA weight loss profiles in 
air, nitrogen, and in the presence of alumina. Differential 
thermal analysis showed the same reactions occurring in air 
and nitrogen, and in the presence or absence of alumina.
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Polyvinyl alcohol is also subject to radical, inter- and 
intra-molecular thermal degradation reactions in the absence 
of oxygen. This also allows the continued thermal breakdown 
of the polymer during outgassing, or other oxygen-limiting 
situations.
Coors1 standard binder may have an advantage by being 
composed of polyvinyl alcohol and polyethylene glycol. PVA 
degradation may be enhanced by the radicals produced in the 
polyethylene glycol degradation. Polyvinyl alcohol does, 
however, have disadvantages for use in ceramic thermal 
processing. Some of the pyrolysis products are more 
thermodynamically stable aromatic and polynuclear aromatic 
compounds. These compounds are precursors to char formation, 
and this char can prevent grain boundary migration, or create 
voids upon the char's eventual higher temperature removal.
Recommendations
Additional specialized components, such as radical 
initiators and reactant sources, could be added to the raw 
materials composition. Initiators could be used to promote 
binder removal when necessary, as could degradation reactant 
sources. Mixes of the polyethylene glycols and polyvinyl 
alcohol in differing amounts should be investigated to 
optimize the effects of their coincidental degradation.
In thicker ceramic pieces, the sintering reactions 
occurring on the surface of the solid could hinder binder 
removal from deep within the piece. Exposure times at reduced 
temperatures (below 4 00°C) could be lengthened to allow binder 
removal to compete with sintering reactions through out the
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thermally insulating alumina piece. Additional binder systems 
should be tried to accomplish the completeness of binder 
removal.
Alternative polymers for thicker ceramic pieces should 
have low thermal stability, and possibilities of 
intramolecular degradation processes. Such a polymer might be 
polypropylene oxide. Polypropylene oxide has lower thermal 
stability than polyethylene glycol and is subject to similar 
intramolecular degradation reactions, and is not readily 
subject to aromatic formation. Mechanical binding properties 
must also be considered in binder selection.
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Figure 1-12. Sample C DTA in Nitrogen.
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Figure 1-16. Sample D DTA in Nitrogen.
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GC/FT-IR Chromatogram of Sample M.
T-4050 176
PEAK *1 (3.83 MINUTE5)
ALDRICH VAPOR LiRRfiRY
ETHYL ‘i-ACETYLEUTYRA TE 98“/,
•/2-METH0XYETHYL/-MALGNIC ACID.
HIOLACET1C 1 ACID, TECH.
j- ■ ^ - - _ J
4QOO 3500 Ri 3000 2500 2000




PEAK #2 ( 4r . 6 7 MINUTES)
I
-Y_Gn I Crl  \ A P J
A C E T G _ , T E C H .
______ / u ... ...
ACETYi. SULFIDE, 98%
2 - 3UTA,%ONE , 99 + % , SPECTAOP.HOrO'jlET
C i _ G P R G P A N E C A A 3 J X M . _ J E n . Y D E




PEAK #3* (5.36 MINUTES
A,.A P
A L D R I C H  VA P OR  L I B R A R Y
T R I E T H Y L E N E  GLYCOL- ,  9 9 %
2 - E T H O X Y E T H A N O L , 9 9 %
2 - ( 2 - E T H 0 X Y E T H 0 X Y ) - E T H A N O L , 9 9 + %







PERK *4 16.64: MINUTER! 1
N I C O L E T / H U M M E L  -  1 0 / 0 6
M R L I C  R C I D
R L K Y D , R L I P H R T I C
B R O M O R C E T I C  R C I D
P O L Y ( 1 , 3 - B U T R N E D I Y L  R D I P R T E
^000 I 3500, si. 3000 2500 2000
: 1 U-l.U. WRVENUMBER
5 0 0
V u U l
PEG FT-IR 4.
T-4050 180
PEAK # 5 (7.29 MINUTES I
A L D R I C H  V A P O R  L I B R A R Y
AM I N O A C E T A L D E H Y D E  D I M E T H Y L  A C E T A L
A C R O L E I N  D I M E T H Y L  A C E T A L . 9 9 %
1 , 1 , 3 - T R I M E T H 0 X Y P R 0 P A N E ,  9 9 %
N , N - D I M E T H Y L F O R M A M I D E  D I M E T H Y L  AC




PERK #6 (7.4 9 MINUTE5
!\ ifr v».
. y 'j
l / ’W A ~
R L D R I C H  V RP OR L t B R R R Y
□ I C H L Q R O P H E N Y L P H O S P H I N E . 97X
-------   A______________________________
3 - ( M E T H Y L T H I O l P R O P  I O N R L D E H Y D E , 9 9
2,4 -THIRZOLIDI NED I G N E
2 - M E T H Y L - R S - T R  I RZ  I N E - 3  , 5 / '  H , »*H - D




PEAK **7 (8.87 MINUTE5
V/̂v-v.
A L D R I C H  VAP OR L I B R A R Y
- A - V /v/ X \ f 4
1 , 1 .  3 /  TR I M E T H C J X Y P R O P A N E  , 9 9 %
n E T H O X Y A C E T A L D E H Y D E  D I M E T H Y L  A C E T
3 - M E T H 0 X Y P R 0 P  I ON I T R  I L E -r 99%
T E T R A E T H Y L E N E  G L Y C O L  D I E T H Y L  E T H E




PERK #8 (9.03 MINUTES!
R L D R I C H  VR P OR
2 , 5 - D I M E T H O X Y T E T R R H Y O R O F U R R N  . 9 5 %
D I E T H Y L  C H L O R O T H I O P H O S P H R T E . 9 7 %
2 - B U T E N E - l , f - D I O L
D I E T H Y L  C H L 0 R 0 P H 0 5 P H I T E , T E C H .
5 0 0fOOO 3500 3000 2500 2000
WRVENUMBER
1 5 0 0 1000
PEG FT-IR 8.
T-4050
PEAK *9 (9.1*1 MINUTES I
J
A L D R I C H  VAPOR
2  , 5 - D  I M E T H O X Y T E T R A H Y D R O F U R A N  . 9 5 7 .
2 , 5 - D I  H Y D R O - 2  , 5 - D I M E T H O X Y - 2 -  I D I M E
1 , 1 , 3 - T R  I M E T H O X Y P R O P A N E  , 9 9 7 .
2 - B U T E N E -  1 , « t - D I O L
«*OOD 3500 3000 2500 2000
WAVENUMBER




PEAK #10 (10.85 MINUTES)
A L D R I C H  V A P O R  L I B R A R Y
2 - / 2 - / 2 - M E T H 0 X Y E T H 0 X Y / - E T H 0 X Y / - E T
2 - / 2 - / 2 - E T H 0 X Y E T H 0 X Y / - E T H O X Y / - E T H
2 , 2 ' - / O X Y B I  S / E T H Y L E N E - O X Y / / D I - E T H
A C E T I C  A C I D ,  P H E N E T H Y L  E S T E R




PEAK 11 (11.14: MINUTESI
A L D R I C H  V A P O R  L I B R A R Y
T H I O L A C E T I C  A C I D ,  T E C H .
M O N O / 2 , 2 - D I  M E T H Y L - H Y D R A Z I D E / - S IJCC
T R A N S - 2 - M E T H Y L - 2 - P E N T E N D  I C  AC I
E T H Y L  4 - A C E T Y L B U T Y R A T E , 9 6 X




PERK #12 (12.31 MINUTES)
A L D R I C H  V A P O R  L I B R A R Y
2 - / 2 - / 2 - E T H 0 X Y E T H 0 X Y / - E T H O X Y / - E T H
2 - / 2 - / 2 - M E T H 0 X Y E T H 0 X Y / - E T H 0 X Y / - E T
T E T R A E T H Y L E N E  G L Y C O L  D I E T H Y L  E T H E





PERK #13 (13.14: MINUTES
R L D R I C H  VR P OR  L I B R R R Y
2 - H Y D R O X Y E T H Y L  E T H E R , 9 9 %
T R I E T H Y L E N E  G L Y C O L , 9 9 %
2 - ( 2 - C H L G R 0 E T H O X Y ) E T H R N O L , 9 9 %
2 , 2 1 - / O X Y B I  S / E T H Y L E N E - O X Y / / D I - E T H







PEAK #14:. ( 13.^7 MINUTES)
A L D R I C H  V A P O R  L I B R A R Y
T E T R A E T H Y L E N E  G L Y C O L  D I E T H Y L  E T H E
E T H Y L E N E  G L Y C O L  D I E T H Y L  E T H E R ,  9 5
2 - E T H O X Y E T H Y L  E T H E R ,  9 8 + %
Z - / 2 - / 2 - E T H O X Y E T H O X Y / - E T H O X Y / - E T H




PEAK *» 1 5 ( It .61 MINUTES)
A L D R I C H  V A P O R  L I B R A R Y
1 ,  1 , 3 - T R I M E T H O X Y P R O P A N E , 9 9 %
3 - M E T H O X Y B U T Y R A L D E H Y D E  D I M E T H Y L  A
M E T H O X Y A C E T A L D E H Y D E  D I M E T H Y L  A C E T
AM I N O A C E T A L D E H Y D E  D I M E T H Y L  A C E T A L




PEAK #16 (16. I1* MINUTES)
A L D R I C H  V A P O R  L I
2 - / 2 - / 2 - M E T H 0 X Y E T H O X Y . /  - E T H O X Y / - E T
2 - / 2 - / 2 - E T H 0 X Y E T H 0 X Y / - E T H O X Y / - E T H
2 , 2 *  - / D X Y B  I S / E T H Y L E N E - O X  Y . / / D  I - E T H
A C E T I C  A C I D ,  P H E N E T H Y L  E S T E R
1*000 3500 3000 2500 2000
WAVENUMBER
5 0 01 5 0 0 1000
PEG FT-IR 16.
T—4050 192
PEAK #17 (17.14 MINUTES)
A L D R I C H  VAPOR
2 - / 2 - / 2 - E T H 0 X Y E T H 0 X Y / - E T H O X Y / - E T H
T E T R A E T H Y L E N E  G L Y C O L  D I E T H Y L  E T H E
2 - / 2 - / 2 - M E T H 0 X Y E T H 0 X Y / - E T H 0 X Y / - E T





PEAK * 18 ( 17.94: MINUTES)
A L D R I C H  V A P O R  L I B R A R Y
S T R A E T H Y L E N E  G L Y C O L  D I E T H E T H E
- ■ E T H G X Y E T H Y L  E T H E R  , 98«-7.
E “ H Y L E N E  G L Y C O L  D I E T H Y L  E T H E R ,  9 5





PEAK #19 (20.12 MINUTES
A
A L D R I C H  V A P O R  L I  BP,ART
T E T R A E T H Y L E N E  G L Y C O L  D I E T H Y L  E T H E
T E T R A E T H Y L E N E  G L Y C O L  D I M E T H Y L  E T H
2 - / 2 - / 2 - E T H 0 X Y E T H 0 X Y / - E T H O X Y / - E T H
A C E ' I I C  A C I D ,  P H E N E T H Y L  E S T E R
j \j \A




PEAK «20 (20.4 7 MINUTES I
A L D R I C H  VAPOR L iDRAR;
TR I E T H Y L E N E  GLYCOL.  . 9 9 %
2 - / 2 - / 2 - E T H 0 X Y E T H 0 X Y / - E T H 0 X Y / - E T H
2 - / 2 - / 2 - M E 1  H O X Y E T H C X Y / - E ' l  H U X Y / - E T




PERK #21 (20;. 97 MINUTES)
R L D R I C H  V R P O R  !_ I BRRR i
T E T R A E T H Y L E N E  G L Y C O L  D I E T H Y L  E T H E
2 - / 2 - / 2 - E T H 0 X Y E T H 0 X Y / - E T H O X Y /  - E T H
2 - / 2 - / 2 - M E T H 0 X Y E T H 0 X Y / - E T H O X Y / - E T
2 - E T H O X Y E T H Y L  E T H E R ,
T 000 35C0 ^BQQCL 2500 ' 2000
WRVENUMBER
1 5 0 0 1000 5 0 0
PEG FT-IR 21.
T—4050 197
PEAK «22 (21 .54: MINUTES)
A L D R I C H  VAPOR Li DROPT
T E T R A E T H Y L E N E  GLYCOL DIETHYL E T H E
2 - E T H D X Y E T H Y L  E T H E R  , 9 0  <■■“/.
2 - / 2 - / 2 - E T H 0 X Y E T H 0 X Y / - E T H O X Y / - E T H
E T H Y L E N E  G L Y C O L  D I E T H Y L  E T H E R ,  9 5




DEAK #23 (23.50 MiNUTESi
A L D R I C H  V A P O R  !_ I BRAR f
T E T R A E T H Y L E N E  G L Y C O L  D I E T H Y L  E T H E
T E T R A E T H Y L E N E  G L Y C O L  D I M E T H Y L  E T H
A C E T I C  A C I D ,  P H E N E T H Y L  E S T E R
2 - / 2 - / 2 - E T H 0 X Y E T H 0 X Y / - E T H O X Y / - E T H






PEAK *2^ (23.63 MINUTES)
A L D R I C H  V A P O R  L I B R A R Y
T E T R A E T H Y L E N E  G L Y C O L  D I E T H Y L  E T H E
2 - / 2 - / 2 - E T H 0 X Y E T H D X Y / - E T H O X Y / - E T H
2 , 2 ' - / O X Y B I S / E T H Y L E N E - O X Y / / D I - E T H
2 - / 2 - / Z - M E T H 0 X Y E T H 0 X Y / - E T H 0 X Y / - E T
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